It is hypothesized that cells exposed to LCFA have increased membrane microviscosity with a consequent decrease in their ability to respond to ACHI. This decrease in trophic support may contribute to the adrenal insufficiency and atrophy in patients with ALD.
Introduction
Adrenoleukodystrophy (ALD)' and adrenomyeloneuropathy are inherited disorders characterized by primary adrenal insufficiency, demyelination, and accumulation of long-chain, saturated fatty acids (LCFA), particularly hexacosanoic acid (C26:0), in the tissues of affected individuals (1) (2) (3) . Both xlinked and autosomal genotypes have been described (4, 5) . The x-linked type may present in childhood, or as the adrenomyeloneuropathy variant with a more chronic onset, usually affecting young adults (6) . Although the exact pathophysiologic mechanisms are not fully understood, the enzymatic defect in both genotypes appears to be in the peroxisomal ,B-oxidation system leading to abnormal metabolism of LCFA (7, 8) . The role that the accumulated LCFA play in the pathogenesis of the disease, particularly the adrenal insufficiency, is unknown.
We have previously reported an increase in the membrane microviscosity of erythrocytes obtained from ALD patients (9) . It has been suggested that the increased levels of hexacosanoic acid found in the adrenal glands of individuals with ALD might also result in an increase in the membrane microviscosity of these cells with subsequent alterations in ACTH activity, leading to the development of adrenal insufficiency (9) . We now present evidence that both the membrane microviscosity as well as basal and ACTH-stimulated cortisol release are altered in human adrenocortical cells cultured in the presence of LCFA.
Methods

Materials
Materials were purchased from the following suppliers: Cortisol, dextran, gelatin, normal rabbit serum, tris buffer, linoleic acid, hexacosanoic acid, lignoceric acid, collagenase, deoxyribonuclease, and EDTA (Sigma Chemical Co., St. Louis, MO); 1,6 diphenylhexatriene (DPH) (Aldrich Chemical Co., Inc., Milwaukee, WI); tetrahydrofuran (THF) (Waters Associates, Milford, MA); charcoal and sucrose (Fisher Scientific Co., Pittsburgh, PA); and Ham's F-12 media, FCS, glutamine, penicillin, streptomycin, and PBS (Quality Biological, Inc., Gaithersburg, MD).
Media and adrenocortical cell preparation FCS was incubated with charcoal (0.75 g/300 ml) for 60 min at 370C, centrifuged at 800 g for 10 min, and filtered through a 0.2-jum filter.
The media used in all experiments was Ham's F-12 containing 10% charcoal-stripped FCS, 2 mM glutamine, 100 ug/ml streptomycin, and 100 U/ml penicillin. Human adult adrenal glands were obtained at the time of nephrectomy performed for renal cell carcinoma. En block dissection of the primary neoplasm necessitated the excision of the adrenal gland. Tissue was not used if the patient had been treated with glucocorticoids or if the renal tumor was infiltrating the adrenal gland. The adrenal cortex was dissected free from the medulla, minced into 1-2-mm pieces, and stirred for 1 h at 370C in 20 ml of Ham's F-12 complete media containing collagenase (1 mg/ml). 2,000 U of deoxyribonuclease were then added and the mixture was stirred for an additional 10 min. The resultant cell suspension was filtered through a fine-mesh screen, washed once, and resuspended in media. Cells were counted using a standard hemocytometer and placed into culture plates (2.0 cm2/well surface area; Costar, Cambridge, MA) at a density of 2.0 X 104 cells/well. Cell viability was > 85% in all experiments as determined by trypan blue exclusion. Cells were cultured at 37°C in a 5% CO2 environment. The cells were incubated overnight before addition of the fatty acids. cortical cell cultures. Basal production of cortisol after 48 h in culture was also measured for each of the fatty acids and control. The total volume in each well was 1 ml. Duplicate 50 Ml aliquots were removed from each well 24 h after ACTH addition and stored at -20'C for cortisol measurement.
Cortisol measurement RIA for cortisol was performed using 50 Ml of sample and 0.2 ml of 0.1% gel PBS (pH 7.0). Cortisol standards were prepared to provide a range of 0.125-6 ng per 50 Ml. 200 Ml of a 1:500 dilution of cortisol antibody (cross-reactivities: 1 1-deoxycortisol 7.8%, cortisone 1.6%, all other adrenal steroids < 1%, Western Research Chemical Corp., Ft. Collins, CO) were added to all tubes except those used for calculation of nonspecific binding, which received an equal volume of normal rabbit serum previously diluted 1:500. All assay tubes were incubated for 60 min at room temperature, then at 40C for an additional 30 min.
Subsequent procedures were performed at 4VC. 100 Ml [3H]cortisol (15, 000 cpm) were then added to each tube, vortexed, and then incubated in the ice-water bath for 90 min before adding 1 ml cold 0.25% charcoal-0.025% dextran in gel PBS. The tubes were vortexed, incubated for 20 min, and centrifuged at 2,500 g for 20 min. The supernatants were mixed with 10 ml Ready-Solv scintillation cocktail (Beckman Instruments, Inc., Fullerton, CA) and counted. Cortisol concentrations were calculated from a standard curve using a four-parameter best-fit computer program. Intra-and interassay coefficients of variation were < 10% in all experiments.
Membrane microviscosity measurements
Human adrenocortical cells were cultured overnight in plastic Petri dishes (Falcon Labware, Oxnard, CA; 57 cm2 per dish surface area) at a density of 2 X 104 cells/ml (total volume 30 ml). Dilutions of linoleic acid, hexacosanoic acid, lignoceric acid, or ethanol were added to separate dishes to give final concentrations of 5 MM. Adrenocortical cells, scraped after 24 h of culture in the presence of the fatty acids, were centrifuged at 125 g for 10 min, washed once, and resuspended in 0.5 ml PBS (pH 7.4) with 0. 15 mM EDTA. The resulting cell suspensions were homogenized in 0.3 M sucrose in a 1:10 dilution of PBS, containing 0.15 mM EDTA, using a glass homogenizer. After centrifuging at 100 g for 10 min, the supernatants were removed, centrifuged at 15,000 g for 20 min, then at 100,000 g for 60 min. The 100,000 g membrane pellets were homogenized and resuspended in PBS (pH 7.1). DPH was dissolved in THF at a concentration of 2 mM before being dispersed in PBS, pH 7.1, to provide a final concentration of 2 MM. This was sparged with N2 gas for 20 min to remove traces of THF before use. The membrane suspensions were incubated with an equal volume ofthe PBS-DPH dispersion for 1 h at room temperature. Each membrane sample was subjected to polarization analysis at 37°C using a fluorescence spectrophotometer (MPF-66; Perkin-Elmer Corp., Norwalk, CT). Excitation wavelengths used were between 426 and 434 nM. Fluorescence polarization (P) was calculated according to the 
Statistical analysis
Results are expressed as the mean±SD. Statistical comparisons were made using the unpaired t test.
Results
Adrenocortical cells incubated with 5 MM hexacosanoic acid
showed a decreased cortisol response to ACTH stimulation as compared with control cells. Dose-response studies demonstrated that the concentration of ACTH required for 50% maximal stimulation of cortisol release was tenfold higher for cells that had been cultured in the presence of hexacosanoic acid as compared with controls ( Fig. 1) . Basal production of cortisol was also significantly lower (P < 0.002) in the cells incubated with hexacosanoic acid (Table I) . Cortisol release after stimulation with io-7 M ACTH was not significantly different, however, between control cells and those cultured in the presence of any ofthe fatty acids. Incubation ofadrenocortical cells with lignoceric acid, a C24 saturated fatty acid, also resulted in a decreased basal (Table I) and ACTH-stimulated cortisol response (Fig. 1) . Cortisol output from cells incubated with linoleic acid, a C18 unsaturated fatty acid, was not significantly different from control cultures (Fig. 1) .
The polarization constants of cell membranes cultured with hexacosanoic and lignoceric acids were significantly higher (P < 0.002) than measurements from control cells and those incubated with linoleic acid (Fig. 2) .
Discussion
A decrease in cell membrane microviscosity has been shown to result in increased receptor binding of a number of hormones, including prolactin (1 1-13), luteinizing hormone (LH) (14) , and thyroid-stimulating hormone (15) . Scatchard analyses of prolactin binding to hepatic cell membranes (11, 16) and LH binding to corpora lutea (14) show this to be due to an increase in number of hormone receptors. Conversely, an increase in hepatic or mammary cell membrane microviscosity resulted in a decrease in prolactin binding (17) (18) (19) . Also, studies by Bash- These data are representative of one of three experiments. Cortisol release after stimulation with 10-12_l0-9 M ACTH was significantly lower (P < 0.002) from cells cultured in the presence of hexacosanoic acid (--) or lignoceric acid ( ) than from control(***) or linoleic acid-treated (--) cells. *P < 0.002; tP < 0.05. ford et al. have demonstrated an increase in the binding of ACTH to human adrenal tissue after the membrane microviscosity is decreased via an elevation in temperature (15) . This suggests that changes in membrane microviscosity may also modulate ACTH receptors. After demonstrating that the membrane microviscosity of red blood cells obtained from individuals with ALD is greater than that of red blood cells from normal individuals, we proposed that the abnormal accumulation of LCFA in endocrine tissues could alter their response to trophic hormones (9) . The present study was designed to address this hypothesis and demonstrates that adrenocortical cells that had been incubated with LCFA have an impaired response to ACTH stimulation. As expected, these cells also show an increase in fluorescence polarization, an index of membrane microviscosity (20, 21) . Note that the concentration of hexacosanoic acid used in these experiments, 5 ,uM, is similar to the plasma concentration in individuals with ALD (5).
It appears that this effect is not limited to hexacosanoic acid since cells incubated with lignoceric acid, another LCFA that is elevated in patients with ALD, showed a similar increase in membrane microviscosity and decrease in basal and ACTH-stimulated cortisol release. This is consistent with the hypothesis that many LCFA, which have been shown to increase membrane microviscosity (22, 23) (27) , and administration of carnitine or clofibrate (28). None of these treatments have been completely effective in either decreasing plasma levels of LCFA or altering the clinical course of the disease. A recent report has shown that when skin fibroblasts obtained from patients with ALD are cultured in the presence of oleic acid, a medium-chain, unsaturated fatty acid, their synthesis ofLCFA is decreased (29) . Also, ALD patients treated with dietary oleic acid supplements showed decreases in plasma and erythrocyte levels of hexacosanoic acid (30, 31) . One of these individuals also demonstrated objective improvement in nerve conduction studies.
In theory, this type of therapy may also decrease the membrane microviscosity of patients with ALD since incubating cell membranes with medium-chain, unsaturated fatty acids also decreases membrane microviscosity (23) . Altering the membrane defects early in the disease, by decreasing membrane microviscosity and the synthesis of LCFA, may attenuate the pathologic changes affecting the nervous and endocrine systems of individuals with ALD. Further investigations with this type of intervention before the onset of symptoms are needed.
